A method of high-performance size-exclusion chromatography (HPSEC) for a wide variety of soil humic acids (HAs) was developed. Two types of soil HAs (Cambisol and Andosol HAs), which have substantially different chemical properties, showed different effects of salt and organic solvent concentrations in the eluent on chromatograms. A Shodex OHpak SB-805 HQ column with 10 mM sodium phosphate buffer (pH 7.0) containing 25% of acetonitrile (v/v) was found to be applicable for different HAs, and showed high reproducibility and recovery (87.0 -94.5%). The Cambisol HA was fractionated into five fractions using an ultrafiltration with different molecular-weight cut-offs. The order of the molecular weights of the five fractions calculated from the HPSEC analysis corresponded to that defined by ultrafiltration. This supported the reliability of the method.
Introduction
Soil humic acid (HA) is a major component of humic substance (HS), and affects the soil structure, biological activity, and chemical bioavailability, which are major soil properties. 1 These functions of HA to the soil ecosystems should be governed by the molecular size and shape of HA. Therefore, the molecular sizes of HA were characterized using several methods, such as ultracentrifugation, 2 surface pressure measurement, 3 osmometry, 4 mass spectrometry, 5 and size-exclusion chromatography. Size-exclusion chromatography (SEC, often referred to as gel permeation chromatography) is available for estimating the molecular size distribution of HS and the fractionation of HS according to molecular size. [6] [7] [8] [9] [10] [11] Recently, due to the rapidness and relative ease of operation, many researchers utilize highperformance size-exclusion chromatography (HPSEC) for the analysis and the preparation of HS. 9, [12] [13] [14] [15] In principle, smaller molecules diffuse more deeply inside the pores of the stationary phase (hydrophilic gel) than larger molecules, and thus their longer pathways are expressed as longer retention times. During the HS pass through the HPSEC column, the gel matrix interacts with HS, because of the polyelectrolytic and hydrophobic nature of HS. This interaction results in non-size-exclusion effects, such as "ionic exclusion" and "specific adsorption on the gel matrix", and can give results that are not easily interpreted. To suppress these interactions, electrolytes and hydrophobic solvents are added to the eluent. [16] [17] [18] Accordingly, the influences of the analytical conditions, especially with respect to the ionic strength and the contents of the organic solvent of the eluent, on HPSEC chromatograms of HS were investigated. 15, [19] [20] [21] [22] [23] Rausa et al. 21 and Conte and Piccolo 23 had attempted to optimize the analytical conditions for HPSEC application to HAs from soil, coal, and compost. However, their chromatograms of some HAs showed a peak at the exclusion limit or a tailing peak, indicating that the obtained chromatograms did not reflect only the molecular size distribution, and that their method was not applicable for all types of HAs. Most recently, Janoš and Zat^epálková 24 demonstrated the HPSEC of HA on two connected hydroxyethyl methacrylate columns with an alkaline borate-based mobile phase (pH 9). Although the non-size-exclusion effects appeared to be suppressed in their chromatograms of HAs, electrostatic repulsion of the functional groups in the HA molecule in alkaline solution 3 resulted in a significant overestimation of the molecular size distribution.
These difficulties in the development of a HPSEC method appropriate for the different soil HAs are attributed to strong interactions with the stationary phase, an extraordinary wide molecular size distribution, and the diversity of the chemical properties of HA.
The chemical properties of HA appear to greatly influence the ionic exclusion effect and the specific adsorption of HA. 9, 16 Because aromatic compounds strongly interact with the gel matrix mainly by hydrogen bonds (specific adsorption), 16, 25 Andosol HA with a remarkably high aromaticity 26 may show peak tailing in HPSEC. Furthermore, it may be deduced that the proportions of the functional groups (mainly carboxylic and phenolic) may affect the degree of electrostatic interactions (ionic exclusion), since negatively charged functional groups can contribute to electrostatic repulsion with the gel matrix. Therefore, the development of a general method for the HPSEC analysis of HA requires an examination of the effects of the analytical conditions on the HAs with a wide variety of chemical properties.
The purpose of this manuscript is to develop a reliable HPSEC 608 ANALYTICAL SCIENCES MAY 2008, VOL. 24 method for a wide variety of soil HAs. We studied the effects of the ionic strength and the content of the organic solvent in a neutral eluent on the HPSEC chromatograms of HAs derived from Cambisol and Andosol soils, which have remarkable differences regarding the chemical properties. The analytical condition was then settled to be acceptable for both types of HAs. To validate the method, the recovery of four HA samples, reproducibility, stability of sample in the eluent, and the molecular size distribution of HA fractionated by ultrafiltration (UF) were examined using the developed method.
Experimental
Humic acid (HA) HAs were isolated from the A horizon of Nagamine (NG: Hyogo, Japan, Cambisol), Hanaore (HO: Hyogo, Japan, Cambisol), Kuju (KJ: Hyogo, Japan, buried Andosol), and Sugadaira soils (SG: Nagano, Japan, Andosol) using methods recommended by the International Humic Substances Society with some modification. 27, 28 In Table 1 are listed the proportions of the carbon species in the HAs used in this work. Those data were obtained by liquid-state 13 C NMR spectroscopy. 28 The Andosol HAs showed a remarkably higher proportion of aromatic carbon and a lower proportion of aliphatic carbon than the Cambisol HAs.
Apparatus and calibration
The HPSEC system was equipped with the following instruments from Waters Inc., Milford, MA, USA; 600E system controller, 717 plus autosampler, and 2487 dual wavelength absorbance detector. A Shodex OHpak SB-805 HQ column (Showa Denko Co., Ltd., Tokyo, Japan; 8.0 mm i.d. ¥ 300 mm; hydroxy methacrylate; exclusion limit of 4000 kDa for pullulan) protected by a Shodex OHpak SB-G guard column (6.0 mm i.d. ¥ 50 mm) was used in developing the method. The temperature of the columns was maintained at 40˚C in a Waters column oven. The flow rate of the eluent was 0.8 ml min -1 and the injection volume was 30 ml. The absorbance of the samples was recorded at 260 nm.
Since HS has a certain difference in chemical properties with known macromolecular standards, an ideal calibration standard is absent.
Although controversial, 29, 30 some investigators employed the polystyrene sulfonates as standards for HS, due to the assumed similar chemical properties. 22, 31 For the standards, we therefore selected a set of sodium polystyrene sulfonates with 680, 356, 188, 86.5, 35.7, 15.8, 4.92, and 1.37 kDa (Polyscience Inc., Warrington, PA, USA) and sodium p-styrenesulfonate (184 Da; Wako Chemical Co., Ltd., Osaka, Japan). The total permeation volume (V0 + Vi) was determined with acetone and the void volume (V0) either with Blue Dextran (2000 kDa). The "apparent" molecular weights, such as the molecular weight at the peak maximum (Mp) and the number-(Mn) and weight-averaged molecular weights (Mw), were calculated by a Waters Millenium 32 Chromatography Manager (Ver. 3.06). Mn and Mw were calculated using the following equations:
where Mi and Ai are the molecular weight and the area of the ith slice fraction eluted at volume "i", respectively. Mn tends to be significantly influenced by low molecular weight components, whereas Mw tends to emphasize the contribution of the heavier molecules. 32 Polydispersity, which is an indicator of the molecular weight distribution of humic substances, 12, 33 can be obtained from the ratio Mw/Mn.
Optimization of analytical conditions
The effects of the analytical conditions on the HPSEC chromatogram were demonstrated using the NG and KJ HAs. Two milligrams of the NG HA and 0.5 mg of the KJ HA were suspended in 2 ml of MilliQ water and adjusted to pH 8.0 -9.0 with a diluted NaOH. The HA solution was shaken overnight under nitrogen, and 20 ml of the solution was diluted with 980 ml of the eluent to a concentration of 20 mg l -1 for the Cambisol HA and of 5 mg l -1 for the Andosol HA. The diluted HA solution was filtered through a 0.2-mm membrane filter (DISMIC-13HP, hydrophilic PTFE; Advantec, Tokyo, Japan).
To investigate the effects of the salt concentration, NaCl was added to a 2 mM potassium phosphate buffer (pH 8.0) at concentrations of 0, 5, 10, and 25 mM. The mobile phase consisted of this buffer solution with 30% of acetonitrile. Furthermore, the effect of the organic solvent content was evaluated at 15, 20, and 25% (v/v) acetonitrile in the 2 mM potassium phosphate buffer (pH 7.0) containing 5 mM NaCl.
Since the shapes, sizes, and aggregations of HA molecules are strongly affected by the pH, 3,34,35 we also examined the effects of the pH value at which the HA sample dissolved. The HO HA suspension in 2 ml of MilliQ water (1 mg HA ml -1 ) was adjusted to pH 8, 9, 10, 11, and 12 with dilluted NaOH, and shaken overnight under nitrogen. A portion of the HA solution was diluted to 50 times with the eluent (10 mM sodium phosphate buffer (pH 7.0) containing 25% acetonitrile), filtered as described above, and applied to HPSEC analysis. In addition, the HO HA was isolated from the eluate from the HPSEC column. The HO HA was dissolved at pH 12, and then neutralized with diluted HCl. This solution was diluted twofold with 20 mM of sodium phosphate buffer (pH 7.0), and acetonitrile was added to 25% of the solution. One hundred microliters of the sample solution were injected 17 times. The eluate from the column was collected, evaporated to remove acetonitrile, and acidified with 1 M HCl. The acidified solution was desalted using an ultrafiltration device (Centricon centrifugal filter units, molecular weight cut-off of 3 kDa; Millipore Corp., Bedford, MA), and then freeze-dried. The isolated HO HA was divided and redissolved at pH 8 and 12. These solutions were prepared by the above-mentioned procedure and applied to HPSEC analysis.
All reagents used were of analytical-grade chemicals and MilliQ water.
Method validation
Recovery (%) of HA and stability of HA in the eluent. The optimized method was validated with respect to the recovery of HA, the reproducibility of the method, and the stability of the HA sample in the eluent. Four HA samples (KJ, SG, NG, and HO HAs) were dissolved at a pH above 11 and neutralized with diluted HCl. The sample solution was diluted with the eluent and filtered through a 0.2-mm membrane filter. The molecular size distributions of HAs were obtained using 10 mM sodium phosphate buffer (pH 7.0) containing 25% acetonitrile (v/v) as the eluent. The recovery (%) of HA on the HPSEC column was calculated from the peak area of HA at l = 260 nm with and without the column.
The stability of HA diluted with the eluent is an important factor that affects the reliability of the method, especially when there are multiple analytes. Accordingly, we tested the effect of the waiting time between sample preparation and analysis on the HPSEC chromatogram. The HO HA solution was repeatedly injected every 8 h from 0 to 72 h after sample preparation. The flow rate of the eluent and the column temperature were kept for the examination. Ultrafiltration (UF). The HO HA sample was fractionated into five fractions using an ultrafiltration device (Macrosep, Pall Corp., East Hills, NY) with different molecular weight cut-offs (MWCO) of 100, 50, 30, 10, and 3 kDa. All of the membranes were first washed with 0.05 M NaOH twice, and then with MilliQ water (centrifuged at 4000g during 20 min). The ultrafiltration conditions were centrifugation at 4000g for 30 -90 min at 10˚C in a swing-out rotor.
A HA solution at 0.1 mg ml -1 with pH 13.0 was prepared by dissolving the HO HA sample into a 0.05 M NaOH and filtering through a 0.2-mm hydrophilic PTFE membrane (Omnipore, Millipore Corp., Tokyo, Japan). The separation began with the membrane of 100 kDa MWCO by concentrating 15 ml of the HO HA solution to 1 ml. The concentrated 1 ml solution was then rinsed with 1 ml of a 0.05 M NaOH solution and reconcentrated. The retained solution containing a HA fraction of >100 kDa was stored at 4˚C. The resulting filtered solution (<100 kDa, 15 ml) was concentrated with a smaller MWCO ultrafiltration device (50 kDa). This process continued progressively using smaller MWCO ultrafiltration devices. The solution filtered through a 3-kDa membrane was discarded. Consequently, the HO HA solution was separated into five fractions: LL (>100 kDa); L (50 -100 kDa); M (30 -50 kDa); S (10 -30 kDa); SS (3 -10 kDa). These fractions were neutralized with diluted HCl, and then 40 ml portions of the solutions were diluted to 1.0 ml with the HPSEC eluent. The diluted HA solution was filtered through a 0.2-mm membrane filter and analyzed using the optimized HPSEC method.
Results and Discussion
Effects of the analytical conditions on HPSEC chromatograms of HA Salt concentration. The ionic exclusion effect arises from an electrostatic repulsion between the charged analyte and the partially charged gel matrix. [16] [17] [18] This effect causes a decrease in the elution time of the analyte, indicative of an overestimation of the molecular size. The addition of salt to the eluent suppresses this effect, and the elution time increases with an increase in the salt concentration. However, HS may show adsorption with the gel matrix when the concentration of salt is higher than 0.05 M. 22, 36 We, therefore, investigated the influences of the salt concentration of the eluent to suppress these non-size-exclusion effects.
The influences of the salt concentration on the HPSEC chromatograms of Cambisol (NG) and Andosol (KJ) HAs are shown in Fig. 1 . With increasing the NaCl concentration from 0 to 25 mM, the elution time of NG and KJ HAs increased from 11.3 to 12.8 min and from 11.1 to 13.2 min, respectively. This result was consistent with the effect of the ionic strength on the SEC and HPSEC chromatograms of HS. 9, 19, 22, 24 It is conceivable that the increase in the elution time is due to a suppression of the ionic exclusion effect. The changes in the elution time of HA chromatograms correspond to decreases in Mw from 21.9 to 19.5 kDa in NG HA and from 4.00 to 2.35 kDa in KJ HA. This indicated that the KJ HA is more sensitive to the ionic strength than the HO HA. It may possibly be due to differences in the The NG and KJ HA showed different elution patterns and influences of the salt concentration. As shown in Fig. 1 , the HPSEC chromatogram of NG HA has a leading peak, whereas a tailing peak is observed for the KJ HA chromatogram. The relative degree of the leading of the NG HA chromatogram slightly decreased with an increase in the salt concentration. This result suggested that a NaCl concentration of 25 mM or more is suitable for the analysis of NG HA. In contrast, the relative degree of the tailing of the peak in the KJ HA chromatogram increased with increasing the NaCl concentration from 5 to 25 mM. Especially in 25 mM NaCl, significant tailing of the KJ HA chromatogram is observed, suggesting that a NaCl concentration of 25 mM or more was inadequate for estimating the molecular size distribution of KJ HA. Since a unified method is necessary for a comparison of the estimated molecular weights of HAs, a moderate salt concentration of 10 mM was selected for the HPSEC analysis. This salt concentration is similar to or slightly lower than compared to a previous study of HPSEC for HS. 15, 19, 22, 24 Content of organic solvent.
Aromatic and heterocyclic compounds are strongly retained on a gel column by specific adsorption. 16 The adsorption results in an increase in the elution time of analytes, which indicates a decrease in the calculated molecular weight. The specific adsorption that arises from hydrophobic bonding between the HS and the gel-matrix is suppressed by the addition of organic solvents to the eluent. 17 The addition of an organic solvent might also contribute to the promotion of ionic interactions between the analytes and the gel-matrix due to a decrease in the relative permittivity of the mobile phase. However, the promotion of ionic interactions would be negligible in this study, because of the moderate salt concentration and the narrow range of variation in the organic solvent content.
Only minor influences of the acetonitrile content from 15 to 25% in the eluent on the molecular size distributions of HA were observed. Figure 2 shows that the relative degree of the peak tailing in the chromatogram of NG HA at 25% acetonitrile was less pronounced than that at 15 and 20% acetonitrile. The suppression of the tailing peak can be explained by an inhibition of the hydrophobic adsorption of HA to the stationary phase of the HPSEC column. This result is similar to an observation by Hoque et al., 15 who showed that the tailing of the chromatogram of the HA from bog water decreased with increasing methanol content from 5 to 60%. At 25% acetonitrile, the peak tailing in the KJ HA chromatogram was also suppressed. However, the tailing peak of the KJ HA chromatogram was not completely reduced. This may be attributed to a remarkably high proportion of the aromatic carbon of KJ HA (54.9%) compared to that of NG HA (24.5%, Table 1 ). Furthermore, the relative degrees of the tailing peak of both HAs at 30% acetonitrile contents (Fig. 1) were almost identical to those at 25% acetonitrile. Thus, an acetonitrile content of 25% was employed to suppress the hydrophobic interaction between the HA and the gel-matrix. Sample dissolution at different pH values. We found that the elution pattern of Cambisol HA on the HPSEC chromatogram changed when the HA sample dissolved at a different pH value. Figure 3(a) shows that the relative degree of the peak leading on the HPSEC chromatogram of HO HA gradually decreased with increasing pH, at which the HA sample dissolved, from 8 to 12. This effect could be associated with subtle differences in the ionic strength and the pH of the sample solution, although the sample solution was diluted to 50 times with the eluent before injection. However, when the HO HA sample solution was adjusted for the salt concentration and the pH to the eluent before dilution, the same effect was observed (data not shown). These results suggested that the dissolution of HA at high pH values possibly caused the decomposition of the high molecular weight compounds, or disruption of aggregates of the HA molecule.
To obtain more information about this effect, we collected the HO HA sample, which was dissolved at pH 12, after being passed through the HPSEC column. The HO HA in the eluate was isolated by evaporation to remove the acetonitrile, acidifying with HCl, desalting, and freeze-drying. When a portion of the isolated HO HA was redissolved at pH 12 and Fig. 2 Effect of the organic solvent (acetonitrile) concentration of the eluent on the chromatogram of the HO and KJ HA. Column, Shodex OHpak SB-805 HQ column with a Shodex OHpak SB-G guard column; column temperature, 40˚C; eluent, 2 mM potassium phosphate buffer (pH 7.0) + 5 mM NaCl; flow rate, 0.8 ml min -1 ; detection, 260 nm. Acetonitrile was added to the eluent at concentrations from 15 to 25% (v/v). reinjected to the HPSEC column, its HPSEC chromatogram showed high reproducibility (Fig. 3(b) ). In contrast, the leading peak appeared in the chromatogram of isolated HO HA that was redissolved at pH 8 ( Fig. 3(b) ). This reversible change in the leading peak in the high molecular weight range led us to assume that a portion of the HO HA may aggregate into larger particles at lower pH values, and it may disaggregate at higher pH. This speculation is supported by a review of the aggregation of HS. 35 Wershaw 35 described that some of the HA fractions showed a decrease in the aggregate size (disaggregation) with increasing pH. Consequently, it is recommended that the HA sample be dissolved at high pH to avoid the formation of aggregates. Method validation. Based on the above results, the dissolution of an HA sample at pH 11 or higher and a mobile phase composition of 75% of 10 mM sodium phosphate buffer (pH 7.0) and 25% of acetonitrile were found to be suitable for the analysis of a wide variety of HAs. The ionic strength of the 10 mM sodium phosphate buffer is 1.9 ¥ 10 -2 , which is similar to that of a 2 mM potassium phosphate buffer containing 10 mM NaCl (1.6 ¥ 10 -2 ). Figure 4 shows HPSEC chromatograms of four HAs using the optimized method. All of the HAs eluted from the HPSEC column as a broad monomodal distribution single peak between the void volume (V0) and the total permeation volume (V0 + Vi). The recoveries of NG, HO, KJ, and SG HAs were 94.5, 92.1, 87.0, and 90.1%, respectively. These values are higher than the recovery of HA using the HPSEC method developed by Hoque et al. 15 Shown in Fig. 5 is a calibration curve using PSSNa standards and the optimized eluent. The relative molecular weight of HA was calculated from this calibration curve, and is displayed in Table 2 . The Mw values of NG, HO, KJ, and SG HAs were 20.5, 26.4, 3.16, and 8.08 kDa, respectively. The Mw value of Cambisol HA was significantly higher than that of Andosol HA. Furthermore, the Andosol HAs showed a lower polydispersity (5.39 for the KJ HA and 8.05 for the SG HA) than the Cambisol HAs (12.9 for the NG HA and 14.5 for the HO HA). This result is consistent with the observation of a lower molecular weight and a narrower molecular distribution of Andosol HA as compared with other types of HAs. 37 
Stability of HA in an eluent and the reproducibility of the HPSEC chromatogram
Since the solubility of HA in an organic solvent is usually low, the waiting time between sample preparation and analysis can be a serious problem in the analysis of multiple samples. To validate the stability of HA in the eluent at a concentration of 20 mg l -1 , we tested the effect of the waiting time for injection ranging from 0 to 72 h on the HPSEC chromatogram. Figure 6 shows some selected chromatograms of a time-course experiment from 0 to 72 h. As described in Fig. 6 , the elution patterns of 10 chromatograms were almost identical, and all of the measurements showed good reproducibility. The molecular size distribution of HO HA was not affected by the waiting time within 72 h, except for a small peak at a low molecular weight range. A small peak appeared at about the total permeation volume (16.0 min) after 24 h, and its intensity gradually increased with increasing the waiting time to 72 h. The peak area percentage of this small peak, even at a waiting time of 72 h, was only 2.1% of the total peak. This result suggests that placement of a HA sample in the eluent for more than 24 h can result in some denaturation or degradation of HA. Therefore, we recommend that any HA sample is injected within 24 h after sample preparation.
Comparison with ultrafiltration (UF)
The HPSEC chromatograms for the unfractionated HO HA and five ultrafiltered fractions are described in Fig. 7 , along with the MWCOs used. The widths of the peaks of ultrafiltered fractions were narrower than that of an unfractionated sample, indicating the reducing heterogeneity of the HA by UF. The LL, L, M, S, and SS fractions eluted sequentially from the HPSEC column, and their elution times were 12.5, 12.8, 13.0, 13.2, and 13.4 min, respectively. The relative molecular weights of each fraction calculated from HPSEC chromatogram are listed in Table 2 . With a decrease in the molecular weight range, defined by ultrafiltration, the Mn and the Mw values of each fraction significantly decreased from 5.08 to 1.01 kDa and from 36.3 to 2.03 kDa, respectively.
The Mw values of each fraction were remarkably lower than those indicated by the MWCO of the UF devices. For example, the peak of the L fraction, the molecular weight of which is defined as 50 -100 kDa by UF, occurred after an elution time of 50 kDa molecule calibrated by PSSNa standards (Fig. 7) . The Mw value of the L fraction was calculated as 10.4 kDa ( Table 2) . This result corresponds to observations in previous studies. 38, 39 Li et al. 39 discussed that the differences in the separation principles, the molecular weight standards, and the conditions of separation between two methods may result in a disagreement. Since the MWCO of the UF device is defined as the molecular weight of globular protein, the expansion of the HA molecules under a high pH condition 18 might contribute to an overestimation of the molecular size of HO HA during UF.
Although the estimated molecular weights of each fraction were different between HPSEC and UF, the order of the molecular size of each fraction corresponded to each other. Therefore, non-size-exclusion effects of HPSEC chromatography, such as ion exclusion and hydrophobic interaction with the gel matrix, appear to be suppressed in this method. This supports the reliability of the optimized HPSEC method.
Conclusions
A HPSEC method applicable to a wide variety of HAs was developed by investigating the effects of the salt and organic solvent concentrations in a neutral buffer. The HPSEC chromatograms of HAs were more affected by the salt concentration than the organic solvent concentration. The addition of NaCl to a 2 mM potassium phosphate buffer at concentrations from 0 to 25 mM resulted in a delay of the elution time of HA, indicating a suppression of the "ionicexclusion" effect. However, addition of 25 mM of NaCl caused the adsorption of Andosol HA on the gel matrix, too. Therefore, we selected a salt concentration of 10 mM to attenuate both non-size-exclusion effects.
As a result, the HPSEC method was optimized as follows: column, Shodex OHpak SB-805 HQ column with a Shodex OHpak SB-G guard column; column temperature, 40˚C; eluent, 10 mM sodium phosphate buffer (pH 7.0) + 25% acetonitrile (v/v); flow rate, 0.8 ml min -1 ; injection volume, 30 mL; detection, 260 nm; standard, sodium polystyrene sulfonate (PSSNa); sample preparation, 0.5 -2.0 mg of HA was dissolved at pH 11 or above, neutralized, and diluted to 50 times with the eluent.
Using this method, high recoveries of Cambisol HAs (92.1 and 94.5%) and Andosol HAs (87.0 and 90.1%) were obtained. Repeated analysis of the HO HA sample revealed the high reproducibility of the HPSEC chromatogram and the stability of the sample in the eluent. Although the effect on the molecular size distribution of HO HA was only a little within 72 h of waiting time between the preparation and injection of the sample, the injection of HA sample within 24 h after sample preparation is recommended. The HO HA fractions, which were fractionated by ultrafiltration, eluted sequentially from the HPSEC column. This indicates an agreement between HPSEC and UF separation, and supports the reliability of this HPSEC method.
